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EPAC proteins are the guanine nucleotide exchange
factors that act as the intracellular receptors for
cyclic AMP. Two variants of EPAC genes including
EPAC1 and EPAC2 are cloned and are widely ex-
pressed throughout the brain. But, their functions in
the brain remain unknown. Here, we genetically
delete EPAC1 (EPAC1/), EPAC2 (EPAC2/), or
both EPAC1 and EPAC2 genes (EPAC/) in the fore-
brain of mice. We show that EPAC null mutation
impairs long-term potentiation (LTP) and that this
impairment is paralleled with the severe deficits in
spatial learning and social interactions and is medi-
ated in a direct manner by miR-124 transcription
and Zif268 translation. Knockdown of miR-124
restores Zif268 and hence reverses all aspects of
the EPAC/ phenotypes, whereas expression of
miR-124 or knockdown of Zif268 reproduces the
effects of EPAC null mutation. Thus, EPAC proteins
control miR-124 transcription in the brain for pro-
cessing spatial learning and social interactions.
INTRODUCTION
Excitatory transmission at the central synapses is primarilymedi-
ated by the amino acid glutamate (Edmonds et al., 1995). The effi-
cacy of glutamate transmission can be persistently changed
following the specific patterns of neuronal activities (Nicoll and
Malenka, 1995) and these changes, as seen in long-term poten-
tiation (LTP) and long-termdepression (LTD) in the hippocampus,
are widely considered as a cellular substrate of spatial learning
and memory consolidation (Bliss and Collingridge, 1993; Mal-
enka and Nicoll, 1999) and typically require rapid new gene
expression (Soderling and Derkach, 2000; Kelleher et al., 2004).774 Neuron 73, 774–788, February 23, 2012 ª2012 Elsevier Inc.In the brain, a major cellular signaling molecule that is
linked with gene expression is cyclic AMP (cAMP) (West
et al., 2001), which is known to play roles in cognition such as
learning and memory formation (Benito and Barco, 2010; Impey
et al., 2004). A classical and direct cellular target of cAMP is
protein kinase A (PKA). Another binding substrate of cAMP,
called exchange protein directly activated by cAMP (EPAC),
has been identified recently (de Rooij et al., 1998; Kawasaki
et al., 1998; Zhang et al., 2009). Two variants of EPAC proteins
have been cloned: EPAC1 and EPAC2, which are encoded by
Rapgef3 and Rapgef4 genes, respectively (Bos, 2006; Zhang
et al., 2009).
EPAC proteins have multiple domains consisting of one
(EPAC1) or two (EPAC2) cAMP regulatory binding motifs and
a guanine nucleotide exchange factor (GEF) (Bos, 2006). When
cAMP binds a regulatory motif, it causes a conformational
change of EPAC proteins and hence activates a Ras-like small
GTPase Rap1/2 (Rehmann et al., 2003). In the cardiovascular
system, EPAC1-Rap1 signaling controls endothelial cell growth
and vascular formation (Sehrawat et al., 2008). In the pancreatic
b-cells, EPAC2 regulates insulin secretion (Zhang et al., 2009).
Both EPAC1 and EPAC2 genes are expressed throughout the
brain including the hippocampus, striatum, and prefrontal cortex
(Kawasaki et al., 1998). But, their neurological functions are yet
to be described.
In this study, we report that both EPAC1/ and EPAC2/
mice are phenotypically normal while double knockout
(EPAC/) mice exhibit severe deficits in LTP, spatial learning,
and social interactions, showing functional redundancy of
EPAC proteins in the brain in vivo. Additionally, we identify that
EPAC proteins via activation of Rap1 directly interacts with the
regulatory element upstream of miR-124 gene and restricts
miR-124. We further show that miR-124 directly binds to and
inhibits Zif268 translation. These findings reveal an unexpected
mechanism by which the mutation of EPAC genes cause cogni-
tion and social dysfunctions. Thus, targeting these genes can be
considered as a promising strategy for the treatment of some
neurological disorders.
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Figure 1. Generation of Genetically Modified EPAC
Strains of Mice
(A–C) EPAC1 gene targeting construct and deletion strat-
egies (A) and Southern blots (B) of the homozygous (lane
1), heterozygous (lane 2) and wild-type (lane 3) of the
floxed (B, top) and the constitutive (B, bottom) EPAC1
knockouts. RT-PCR and western blots of EPAC1 mRNA
(C, top) and protein (C, bottom) in EPAC1/ mice.
(D and E) Themouse embryonic stem cells (D, top) carrying
EPAC2 allele disrupted by inserting a gene trap vector in
the first axon were cloned to generate EPAC2 mutant
mice. Southern blot (D, bottom) of null mutantmice verified
the Neo signal. EPAC2 mRNA (E, top) and protein
(E, bottom) are deleted in EPAC2/ mice.
(F) A combined deletion of EPAC1 and EPAC2 proteins in
the forebrain of EPAC/ mice (1, +/+; 2, /).
(G and H) EPAC activity is reduced in the forebrain of
EPAC/ (G) and IN-EPAC1/ (H) mice. Data are mean ±
SEM (n = 4 assays, *p < 0.01, compared to the respective
wild-type control mice).
(I) Western blots of the membrane fractions from homo-
zygous (lane 1), heterozygous (lane 2), and wild-type
(lane 3) mice. Similar results were observed in each of the
four experiments.
(J and K) A representative image shows a Golgi-labeled
CA1 pyramidal neuron (J). Bar graph shows averaged
spine densities for each genotype (K) (mean ± SEM, n = 4,
p > 0.01).
(L) Electron microscopy of the CA1 area reveals normal
synaptic ultrastructure in EPAC/ mice. P: presynaptic
terminal. Scale bars are 100 nm in the two left micrographs
and 500 nm in the others. Similar results were observed in
each of three assays.
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Generation of Genetically Modified EPAC Strains
of Mice
EPAC1 and EPAC2 proteins are very similar and expressed in
largely overlapping patterns throughout the brain (Kawasaki
et al., 1998), suggesting functional redundancy. To test this
idea and explore the in vivo functions of EPAC1 and EPAC2
proteins in the brain, we genetically deleted EPAC1 (EPAC1/,
Figures 1A–1C) or EPAC2 (EPAC2/, Figures 1D and 1E) or both
EPAC1 and EPAC2 genes in the forebrain of mice (EPAC/, see
Experimental Procedures and Figure 1F). A complete gene dele-
tion in the null alleles was confirmed by RT-PCR andwestern blot
analysis of EPAC1 (Figures 1C and 1F) or EPAC2 (Figures 1E and
1F) mRNA and proteins. Additionally, we demonstrated that
a combined deletion of both EPAC1 and EPAC2 genes inacti-
vated the GEFs for Rap1, whereas a single gene deletion
(EPAC1/ or EPAC2/) alone had no effect (Figures 1G and
1H), showing a synergistic action between EPAC1 and EPAC2
proteins.Neuron 73, 774Synaptic Structures Are Normal in EPAC
Null Alleles
We next examined whether EPAC null mutation
caused developmental changes or alterations
in synaptic structures. We compared the overall
synaptic protein compositions (Figure 1I), syn-aptic spines (Figure 1J), and spine densities (Figure 1K) as well
as synaptic vesicles (Figure1L) amonggenotypes;wediscovered
noabnormalities inEPAC/alleles. In contrast to our findings, an
earlier study suggested that EPAC2 protein was involved in
synaptic remodeling via regulation of spine turnover (Woolfrey
et al., 2009). However, this previous work was conducted in the
in vitro culturedneuronsand thus relevance to the in vivoneuronal
functions of endogenous EPAC2 protein is questionable. Addi-
tionally, we analyzed the series cryostat brain sections (Figures
S1A and S1B, available online) from adult mice. As shown for
regions (Figure S1C) including the hippocampus, striatum, and
the prefrontal cortex known to express EPAC genes, there were
no structural deficits in EPAC/ neurons.
Synaptic Transmission Is Abnormal in EPAC Null Alleles
We next examined whether EPAC null mutation affects func-
tional state of synapses. We used whole-cell patch-clamp
recordings from the CA1 pyramidal neurons blind, with direct
comparison of littermates derived from heterozygous mating.
In this series of the studies, we first analyzed the evoked–788, February 23, 2012 ª2012 Elsevier Inc. 775
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EPAC Mutation in Learning and Socialityexcitatory postsynaptic currents (EPSCs) by stimulation of the
Schaffer-collateral fibers. Since the peak amplitude of EPSCs at
a given stimulation varies from slice to slice, we constructed the
input-output curves by plotting the normalized EPSCs amplitude
against the stimulus intensities.We found that the evokedEPSCs
in response to the elevated stimulus intensities were dramatically
reduced in EPAC/ and inducible (IN-EPAC/) neurons, com-
pared to controls (Figure 2A, n = 16 recordings/8 mice). We also
examined the spontaneous release of glutamate transmitter (Fig-
ure 2B) and demonstrated that the frequency (Figure 2C) but not
the mean amplitude (Figure 2D) of the spontaneous EPSCs in
EPAC null alleles decreased significantly, compared to the
controls (n = 14 recordings/7 mice/group, p < 0.01).
In the postsynaptic sites, we analyzed the current-voltage (I-V)
relations of the normalized AMPA receptor-mediated (Figure 2E)
and NMDA receptor-mediated (Figure 2F) EPSCs. We found that
neither the voltage dependence nor the reversal potentials of the
evoked EPSCs were altered in EPAC/ neurons (n = 12 record-
ings/6 mice/group). Collectively, these findings indicate that
EPAC null mutation reduces glutamate release from presynaptic
terminals without altering the receptor channel conductance on
the postsynaptic sites.
LTP Is Abnormal in EPAC Null Alleles
To extend analysis of synaptic functions, we examined whether
LTP, an activity-dependent long-lasting enhancement of
synaptic transmission (Nicoll and Malenka, 1995), was altered
in EPAC null alleles. In this study, we performed the intracellular
sharp electrode recordings of the excitatory postsynaptic poten-
tials (EPSPs) in CA1 pyramidal neurons. We observed that brief
high-frequency stimulation (tetanus) increased the peak ampli-
tudes of the evoked EPSPs in control littermates. This increase
(LTP) was maintained over 90 min (Figures 2G and 2H, 1.78 ±
0.15, n = 12 recordings/6 mice/group). In EPAC/ neurons,
however, a short-term enhancement but not LTP was found;
the peak amplitudes decayed to the basal levels after 30 min of
the tetanus (1.05 ± 0.71, n = 14 recordings/7 mice/group, p <
0.01). Similar to CA1 pyramidal neurons, an absence of LTP
was observed in the EPAC/ granule cells (Figure 2H). LTP defi-
cits in EPAC/ cells was not due to the developmental abnor-
malities because it was found in the inducible EPAC/ mice
(IN-EPAC/), in which EPAC1 gene was deleted after develop-
ment was completed (1.09 ± 0.79 in CA1 and 1.11 ± 0.68 in the
dentate granule cells, respectively; Figures 2G and 2H).
It should be mentioned that there was a reduction of synaptic
strength in EPAC/neurons in response to the elevated stimulus
intensities under the basal condition (Figure 2A). Thus, the failure
expression of LTP in EPAC/mice could be a functional conse-
quence of a general synaptic deficit. To investigate this possi-
bility, we examined the capacity of EPAC/ neurons for LTD
expression by applying 300 stimuli over the course of 3 min.
We found that the magnitude of LTD did not differ among groups
(Figure 2I). Thus, EPAC null mutation specifically impairs LTP.
Spatial Learning and Memory Deficits in EPAC
Null Alleles
LTP of synaptic transmission in the hippocampus is widely
considered as a cellular substrate of spatial learning andmemory776 Neuron 73, 774–788, February 23, 2012 ª2012 Elsevier Inc.formation (Nicoll and Malenka, 1995; Kessels and Malinow,
2009). Thus, we asked whether the deficits of LTP, particularly
in its late phase, were paralleled with the abnormalities in spatial
information acquisition. To answer this question, we carried out
the Morris water maze tests. Prior to the tests, we tested the
exploratory activity and locomotion of mice in the open field.
Wemeasured the floor planemovements (Figure 3A) and vertical
plane entries (i.e., rearing, Figure 3B) as well as the stereotypic
behaviors (i.e., grooming, Figure 3C) and found that all parame-
ters examined were normal in EPAC null alleles (n = 16 mice per
group).
We next trained adult male mice in the hidden platform version
of the Morris water maze with four trials per day. Consistent with
previous studies using pharmacological reagents (Ouyang et al.,
2008), we found that EPAC null mutant mice had a significant
longer latency and swim path length to reach the platform,
compared to the other groups (Figure 3D, n = 16 mice/group,
p < 0.01). At the end of the training, we placed mice for a one-
day probe trial, in which the platform in the water maze was
removed and mice were allowed to search the pool for 60 s.
Our data demonstrated that all groups, but not EPAC null
mutants, had preference searching in the targeting quadrant
(Figure 3E, n = 16 mice/group), showing the spatial learning
and memory deficits in EPAC null alleles.
To further analyze the capacity of the spatial information
acquisition, the same groups of mice were tested in the reversal
water maze training, in which the hidden platform in the maze
was placed to the opposite quadrant. We found that EPAC null
mutants had longer latency to find new platform location (Fig-
ure 3F, n = 16mice/group, p < 0.01) and spent less time in a newly
trained quadrant (Figure 3G, n = 16 mice/group, p < 0.01). This
finding indicates that EPAC null alleles had abnormal reversal
learning. In the visible platform version of the water maze test,
however, all mice showed the similar latencies to find the plat-
form (Figure 3H, n = 16 mice/group, p < 0.01). Thus, the spatial
learning and memory deficits were not associated with the
abnormal gross performance in EPAC null alleles.
Social Behavioral Deficits in EPAC Alleles
EPAC genes are expressed in the hippocampus and in all other
regions of the forebrain (Kawasaki et al., 1998). Thus, EPAC null
mutation may have effects on the other categories of behaviors.
For this consideration, we examined the social approach and
preference of mice for exploring two different types of stimuli
(the unfamiliar mouse and the unfamiliar object) in an automated
three-chamber apparatus, as previously described (Silverman
et al., 2010). In this test, we used adult male mice at 90 ±
2 days old. We showed that EPAC null alleles spent only half
as much time as other groups in the mouse side (Figure 3I) and
in sniffing the unfamiliar mice (Figure 3J, n = 15 mice/group,
p < 0.01). These data indicate that EPAC null mutation impairs
the social behaviors.
We next asked whether this impairment of social interactions
occurs in EPAC null alleles at the younger age. We carried out
the juvenile play tests using the postnatal mice at 21 days old.
In each of the tests, two unfamiliar male mice were paired for
30 min sessions of play in the arena. Consistent with the social
deficits observed during the adulthood, the juvenile EPAC null
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Figure 2. Synaptic Transmission and LTP Are Abnormal in EPAC–/– Neurons
(A) Excitatory synaptic strength decreases in EPAC/ and IN-EPAC/ neurons. Traces are EPSCs at holding potential of –70mV in response to stimulus
intensities from 1mV to 4mV at an interval of 0.5mV. The EPSCs amplitudes are normalized to the base line (defined as 1.0) and plotted against the stimulus
intensities (mean ± SEM, n = 16 recordings/8 mice/group, *p < 0.01, compared to the respective wild-type control mice).
(B–D) Representatives (B) are spontaneous EPSCs. Bar graphs show the frequency (C) and mean amplitudes of EPACs (D). Mean ± SEM, n = 14 recordings/7
mice/group, *p < 0.01, compared to the respective wild-type control mice.)
(E and F) Representative traces are recorded at the holding potentials of80mV,40mV, 0mV, 20mV, or 40mV. The normalized EPSCs (N.C.) mediated by AMPA
(E) and the NMDA receptors (F) are plotted against the holding potentials (mV). Data are mean ± SEM (n = 12 recordings/6 mice/group).
(G and H) The peak amplitudes of the intracellular EPSPs (G) are normalized to the baseline (defined as 1.0). The traces (G, top) are representative EPSPs at basal
line (black) and 60 min after tetanus (red). Arrow indicates the time of tetanus. A bar graph (H) shows the normalized EPSPs amplitude 60 min after tetanus in CA1
neurons and the dentate granule cells (DG) (mean ± SEM, n = 12 recordings/6 mice/group, *p < 0.01, compared to the respective wild-type control mice).
(I) The peak amplitudes of EPSPs are normalized to the baseline (defined as 1.0). The traces are EPSPs at basal line (black) and 30 min after tetanus (red, mean ±
SEM, n = 12 recordings/6 mice/group).
In Figures 2E–2I, E1+/+, E1/, E2/, E/, IN-E/, and E+/ indicate EPAC1+/+, EPAC1/, EPAC2/, EPAC/, IN-EPAC/, and heterozygous (EPAC+/)
mice, respectively.
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Figure 3. EPAC Null Mutation Impairs Spatial Learning and Social Interactions
(A–C) Distance moved (A), rearing (B), and grooming (C) in the open field tests are identical among genotypes (mean ± SEM, n = 12 mice per group).
(D and E) EPAC null alleles show abnormalities in spatial learning. The latency and swim path length (D) to reach a hidden platform are plotted against the blocks
of trials. A bar graph (E) shows the percentage of time spent in searching of a hidden platform in each quadrant during the probe trial (mean ± SEM,
n = 16 mice/group, *p < 0.01, compared to the EPAC+/ and IN-EPAC+/+ mice, respectively).
(F andG) EPAC null alleles show the abnormalities in reversal learning. The latency (F) to reach a hidden platform and the percentage of time spent (G) in searching
of a new hidden platform in each quadrant (mean ± SEM, n = 16 mice/group, *p < 0.01, compared to the EPAC+/ and IN-EPAC+/+ mice, respectively).
(H) The latency to reach a visible platform is identical among genotypes (mean ± SEM, n = 16 mice/group).
(I and J) Adult EPAC/mice have abnormal social interactions. Time spent in each chamber (I) and sniffing time (J) with an unfamiliar mouse and unfamiliar object
during the 10 min test (mean ± SEM, n = 15 mice per group, *p < 0.01, compared to the EPAC+/ and IN-EPAC+/+ mice, respectively).
(K–M) EPAC/mice are abnormal in juvenile plays. Bar graphs show nose-to-nose sniffing (K), front approach (L), and push/crawl (M) with an unfamiliar mouse
during juvenile play (mean ± SEM, n = 18 mice per group, *p < 0.01, compared to the EPAC+/+ and IN-EPAC+/+ mice, respectively).
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Figure 4. miR-124 Inhibits Zif268 mRNA
translation
(A) miRNA array shows miRNA fold changes
(F.C.) in the forebrain of EPAC/ mice versus
EPAC+/+ mice (mean ± SEM, n = 12 assay,
*p < 0.01).
(B) qPCR shows miR-124 in the hippocampus and
the prefrontal cortex of adult mice (mean ± SEM,
n = 6, *p < 0.01).
(C) mRNA array shows mRNA fold changes (F.C.)
in the forebrain of EPAC/ mice versus EPAC+/+
mice (mean ± SEM, n = 12 assay, *p < 0.01).
(D) qPCR shows Zif268mRNA in the hippocampus
and prefrontal cortex of adult mice (mean ± SEM,
n = 6, *p < 0.01).
(E and F) Representative (E) and summarized data
(F) show Zif268 protein levels in the homozygous
mutants lane 2 and control littermates lane 1
(mean ± SEM, n = 4, *p < 0.01).
(G and H) miR-124 binding sequence in the 30 UTR
region of Zif268 (G) and inhibits the wild-type, but
not the mutant (H), Zif268 30UTR luciferase activity
(mean ± SEM, n = 4, *p < 0.01, compared to
control).
(I) qPCR shows miR-124 in the hippocampus and
the prefrontal cortex 48 hr after the injections of
LNA-miR-124 or LNA-control, or saline (Mean ±
SEM, n = 6 assays, *p < 0.01, compared to
control).
(J) Zif268 mRNA in adult mice 48 hr after injection
of saline or LNA-miR-124 (LNA-124) or LNA-
control. Data are expressed as the ratio of mRNA
in EPAC/ versus EPAC+/+ mice (mean ± SEM,
n = 6 assays/3 mice, *p < 0.01, compared to
saline).
(K and L) Representative (K) and summarized
Zif268 protein (L) in adult mice 48 hr after injection
of LNA-miR-124 (lane 1) or LNA-control (lane 2).
Data are expressed as the ratio of band intensities
in homozygous (/) versus wild-type control
(+/+) (mean ± SEM, n = 6 assays/3 mice/group,
*p < 0.01, compared to LNA-control).
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EPAC Mutation in Learning and Socialityalleles had fewer nose-to-nose sniffing (Figure 3K, n = 18 mice
per group, p < 0.01), front approach (Figure 3L, n = 18 mice per
group, p < 0.01), and push/crawl (Figure 3M, n = 18 mice per
group, p < 0.01) to their pairs, compared to the age-matched
control mice.
Expression of miR-124 in EPAC Null Alleles
Spatial learning and social behaviors are a complex of physiolog-
ical responses that are involved in a variety of transcriptional and
translational events (Soderling and Derkach, 2000; Kelleher
et al., 2004). To determine which of these events are linked
with EPAC null mutation, we examined small (21–23 nucleo-
tides), noncoding RNA transcripts (miRNAs), which are known
to negatively regulate the learning capacities via restricting
mRNA translation (Bartel, 2004; He and Hannon, 2004; Schratt
et al., 2006). We conducted the miRNA arrays with a total of
785 probe sets to compare the expression of miRNAs in the fore-
brain of EPAC/ mice with the control littermates. Combinedwith qPCR analysis we found a number of brain-enriched
miRNAs that were significantly altered in EPAC/mice (Figures
4A and 4B, n = 12 assays/6 mice/group); three were massively
upregulated whereas three were downregulated (Figure 4A and
4B, n = 12 assays/6 mice/group). Of these miRNAs, miR-124 is
of particularly interest because of its ability to coordinate
synaptic functions in memory consolidation (Rajasethupathy
et al., 2009; Fischbach and Carew, 2009; Arvanitis et al., 2010).
miR-124 Inhibits Zif268 mRNA Translation
miR-124 binds to a complementary sequence (GUGCCU) in the
mRNA 30-untranslated region (30UTR) and facilitates the mRNA
degradation (Lim et al., 2005). To search for the specific mRNA
targets of miR-124 in EPAC/ mice, we carried out a genome-
wide gene expression analysis with 36,422 probe sets (Fig-
ure S2). We identified 11 genes that were significantly altered
in EPAC/ mice (Figure 4C, also see Figure S2). The most
notable genewas Zif268, also known as Egr1; it was dramaticallyNeuron 73, 774–788, February 23, 2012 ª2012 Elsevier Inc. 779
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Figure 5. Knockdown of miR-124 Rescues the EPAC–/– Phenotypes
(A) LNA-miR-124 produces no effects on basal synaptic transmission. Representative EPSCs are recorded at the holding potential of –70mV in response to
stimulus intensities from 1mV to 4mV at an interval of 0.5mV in slices frommice 48 hr after the injection of LNA-miR-124 (LNA-124). The peak amplitudes of EPSCs
are normalized to the baseline (defined as 1.0) and plotted against the stimulus intensity (mean ± SEM, n = 10 recordings/5 mice/group).
(B) LNA-miR-124 reverses the LTP deficits in EPAC/ neurons. The peak amplitudes of EPSPs are normalized to the baseline (defined as 1.0). EPSPs sweeps
(above the graphs) taken at the time indicated by the letter on the x axis. Arrow indicates the time of tetanus. Data are mean ± SEM (n = 12 recordings/6 mice/
group).
(C–E) LNA-miR-124 rescues the spatial learning deficits in EPAC null alleles. The latency (C) and swim path length (D) to reach a hidden platform in the Morris
water maze are plotted against the blocks of trials. A bar graph (E) shows the percentage of time spent in searching of a hidden platform in each quadrant during
the probe trial (mean ± SEM, n = 16 mice/group, *p < 0.01, compared to the injection of LNA-control in EPAC+/+ mice).
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EPAC Mutation in Learning and Socialitydownregulated (Figures 4C–4F, n = 12 assays/6 mice per group).
Zif268 encodes a zinc finger transcription factor essential for
stabilizing synaptic plasticity and spatial learning (Hall et al.,
2000; Jones et al., 2001; Bozon et al., 2003; Baumga¨rtel et al.,
2008; Renaudineau et al., 2009). Since Zif268 contains a miR-
124 conserved binding site in its 30UTR region (Figure 4G), we
hypothesize that miR-124 binds directly to and inhibits Zif268
mRNA translation. To test this hypothesis, we created a wild-
type 30UTR segment and its mutant of Zif268 and placed these
segments into the luciferase reporter system. When coex-
pressed with miR-124, a wild-type reporter showed significant
inhibition (Figure 4H, n = 4), compared to its mutant, demon-
strating that miR-124 directly targets to Zif268.
Knockdown of miR-124 Rescues the EPAC–/–
Phenotypes
To directly determine whether miR-124 inhibition of Zif268
mediates the EPAC/ phenotypes, we created a saline-formu-
lated, locked-nucleic acid-modified (LNA) antisense oligonucle-
otide (LNA-miR-124). As a control, we used LNA-negative
(LNA-control, or control). We injected 3 ml of LNA-miR-124
(50 mg/ml) or LNA-control directly into the third ventricle of adult
mice. Forty-eight hours after the injection, real-time PCR was
used to analyze miR-124. We found that LNA-miR-124 induced
a stable silencing of miR-124 in the hippocampus and the
prefrontal cortex, whereas LNA-control did not (Figure 4I, n = 6
assays/3 mice). Following inhibition of endogenous miR-124,
Zif268 mRNA (Figure 4J, n = 6 assays/3 mice), and protein
(Figures 4K and 4L, n = 6 assays/3 mice) in EPAC/ mice
were elevated to a level comparable with that in EPAC+/+ mice.
Although knockdown of miR-124 produced little effect on
synaptic transmission (Figure 5A, n = 10 recordings/5 mice/
group), it completely restored the capacity of EPAC/ neurons
to express LTP (Figure 5B, n = 12 recordings/6 mice/group,
p < 0.01) and resulted in a significant improvement of spatial
learning (Figures 5C–5E, n = 16 mice/group, p < 0.01) and social
interactions in both adult (Figures 5F and 5G, n = 16 mice/group,
p < 0.01) and juvenile (Figure 5H, n = 18 mice/group, p < 0.01)
EPAC/ mice. Thus, LTP and the behavioral deficits observed
in EPAC null alleles can be reversed by knockdown of miR-124.
Expression of miR-124 Mimics the Effects of EPAC
Null Mutation
We next investigated whether expression of miR-124 mimics the
effects of EPAC null mutation. We constructed type ½ recombi-
nant adeno-associated virus (rAAV1/2) vectors to express miR-
124 (rAAV1/2-miR-124, Figure 6A). As a control, a negative
miRNA sequence (GTGTAACACGTCTATACGCCCA, rAAV1/2-
control, or control) was expressed. We found that expression
of miR-124 in the hippocampus of EPAC+/+ mice reduced the
endogenous Zif268 to a level similar to that observed in EPAC/
mice (Figures 6B and 6C, n = 4, p < 0.01). When miR-124 was
expressed in the hippocampus of EPAC/mice, however, there(F and G) LNA-miR-124 rescues the social behavioral deficits in EPAC null alleles
and unfamiliar object during the 10 min test (mean ± SEM, n = 16 mice per grou
(H) LNA-miR-124 improves the juvenile plays of EPAC/ mice. The push/craw
(mean ± SEM, n = 18 mice per group, *p < 0.01, compared to the LNA-control inwas no further decrease of Zif268 (Figure 6C, n = 4, p < 0.01),
indicating that EPAC null mutation occludes the inhibitory effects
of miR-124 on Zif268 translation. This inhibition was specific
since expression of miR-124 had no effect on several other
genes (Figure 6B, n = 6, p < 0.01), including cyclic AMP-response
element binding protein (CREB) and brain-derived growth factor
(BDNF). Importantly, we found that expression of miR-124 did
not alter the basal synaptic transmission (Figures 6D and 6E,
n = 12 recordings/6 mice/group), but it resulted in a loss of a
late phase of LTP (Figures 6F and 6G, n = 15 recordings/5
mice/group, p < 0.01) and disrupted the spatial learning and
memory (Figures 6H–6K, n = 15 mice per group, *p < 0.01).
Notably, however, the social behaviors were normal when miR-
124 was expressed in the hippocampus (Figures 6L–6N, n = 15
mice per group).
It has been known that the social behaviors are largely pro-
cessed in the prefrontal cortex of the brain (Walsh et al., 2008;
Silverman et al., 2010). We thus expressedmiR-124 in this region
by injection of the rAAV1/2-miR-124/eGFP virus particles
and found it did cause the social behavioral deficits (Fig-
ures 6L–6N, n = 15 mice per group). Significantly, miR-124
phenotypes including the deficits of LTP (Figure 6G, n = 12
recordings/6 mice/group, p < 0.01), spatial learning (Fig-
ures 6H–6K, n = 15 mice per groups), and social behaviors
(Figures 6L–6N, n = 15 mice per groups) can be reproduced by
knockdown of endogenous Zif268 using LNA-Zif268 antisense
(Figure S3, n = 13 mice per groups). Together, these results
demonstrate that miR-124 transcription mediates the EPAC
effects in regulation of LTP, spatial learning, and social interac-
tions by controlling Zif268 translation.
EPAC-Rap1 Signaling Restricts miR-124 Transcription
EPAC proteins activate Rap1 guanine nucleotide exchange
factor (de Rooij et al., 1998; Kawasaki et al., 1998; Zhang
et al., 2009), which is implicated in a wide range of neuronal
responses including gene expression, cell proliferation, differen-
tiation, and synaptic plasticity (Zhu et al., 2002; Stork, 2003;
Schwamborn and Pu¨schel, 2004; Liu et al., 2010). To determine
whether Rap1 is linked directly with miR-124 transcription, we
performed chromatin immunoprecipitation (ChIP) with anti-
Rap1 antibody. We identified a physical association of Rap1
with the regulatory element (R1 site) upstream of miR-124 tran-
script (Figure 7A, n = 4 assays, p < 0.01). We subsequently
cloned the R1 fragment in a miR-124 luciferase reporter
construct. Coexpression of the reporter with a wild-type Rap1a
suppressed miR-124 transcription in HEK293 cells in vitro (Fig-
ure 7B, n = 4 assays, p < 0.01) as well as in the hippocampal
neurons (Figure 7C, n = 5 assays, p < 0.01). As a control, we ex-
pressed a dominant-negative mutant Rap1 (Rap1aS17N), which
blocks the endogenous Rap1 by sequestering and depleting the
intracellular pool of the available GEF (Farnsworth et al., 1991)
and we found that it produced little effect on miR-124 transcrip-
tion (Figures 7B and 7C).. Time spent in each chamber (F) and sniffing time (G) with an unfamiliar mouse
p, *p < 0.01, compared to the LNA-control in EPAC+/+ mice).
l and the nose-to-nose sniffing with an unfamiliar mouse during juvenile play
EPAC+/+ mice).
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Figure 6. miR-124 Mimics the Effects of EPAC Null Mutation
(A) The rAAV1/2 vector (top) for expression of miR-124 and eGFP and a representative image (bottom) is taken in the hippocampus of adult mice 12 days after the
rAAV1/2-124 injection.
(B) miR-124 inhibits Zif268 mRNA expression. qPCR showsmRNA expression profiling in the hippocampus of adult mice 12 days after injection of rAAV1/2-miR-
124 (miR-124) or rAAV1/2-miR-145 (miR-145) and rAAV1/2-negative control (control). Data are expressed as the ratio of miR-124 or miR-145 expression versus
control (mean ± SEM, n = 4 assays, *p < 0.01, compared to miR-145).
(C) miR-124 reduces Zif268 protein expression. Western blots of Zif268 protein in the hippocampus of adult mice 12 days after expression of control (lane 1) or
miR-124 (lane 2) or miR-145 (lane 3). The intensities of each band are normalized to b-actin in EPAC+/+ mice control lane (mean ± SEM, n = 4 assays, *p < 0.01,
compared to miR-control in EPAC+/+ mice).
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application of EPAC agonist suppresses miR-124 transcription
in the central neurons. We treated the neuronal cultures
(DIV16) with 8-pCPT-20-Me-cAMP-AM, which is known to selec-
tively activate both EPAC1 and EPAC2 proteins (Chepurny et al.,
2009). Our data showed that 8-pCPT-20-Me-cAMP-AM at
a concentration of 20 mM activated Rap1 in EPAC+/+ but not in
EPAC/ neurons (Figure 7D, n = 4 assays) and this effect of
8-pCPT-20-Me-cAMP-AM was observed in 60 min and lasted
for over 6 hr after the treatment (Figure 7D, n = 4 assays). As ex-
pected, application of 8-pCPT-20-Me-cAMP-AM, but not
vehicle, reduced miR-124 transcription (Figure 7E, n = 4 assays)
and significantly, this reduction was closely associated with
a robust increase of Zif268 mRNA (Figures 7F and 7G, n = 4
assays). Collectively, these data demonstrate that EPAC
signaling directly controls miR-124 transcription and Zif268
translation via activation of Rap1.
DISCUSSION
In the present study, we show that a combined deletion of both
EPAC1 and EPAC2 genes inactivates Rap1, whereas a single
deletion of either gene does not, indicating a synergistic action
between EPAC1 and EPAC2 proteins in the brain. Our results
also reveal that Rap1 is physically associated the regulatory
element upstream of miR-124 gene and restricts miR-124 tran-
scription. We further identify that miR-124 binds to and inhibits
Zif268 translation. Zif268 is a transcriptional factor essential for
activity-dependent change of synaptic transmission and cogni-
tion (Hall et al., 2000; Jones et al., 2001; Bozon et al., 2003;
Baumga¨rtel et al., 2008; Renaudineau et al., 2009). Thus, most
parsimonious explanation for our present findings is that upon
EPAC null mutation, an inactivation of Rap1 relieves the restric-
tion of miR-124 transcription and hence induces miR-124
expression. Expression of miR-124 facilitates Zif268 mRNA
degradation and results in the deficits of spatial learning and
social interactions, as illustrated in Figure 7H.
The behavioral deficits observed in EPAC/ mice are not
due to the developmental abnormalities since every facet of
these phenotypes is found in an inducible mutant line (IN-
EPAC/), in which EPAC1 gene is deleted after development
is completed. Additionally, all EPAC null alleles are found to
be vital and fertile and have normal neuronal structures.
Notably, our results indicate that LTP and the behavioral
defects in EPAC null mutants are directly linked with a striking
increase of miR-124 transcription; knockdown of miR-124 by
administration of LNA-miR-124 completely reverses, whereas(D and E)miR-124 produces no effects on basal synaptic transmission. The experi
(defined as 1.0) and plotted against the stimulus intensity (mean ± SEM, n = 12).
(F and G) miR-124 inhibits LTP expression. The peak amplitudes of EPSPs are
indicated by the letter on the x axis. Arrow indicates the time of tetanus. Data ar
(H–K) miR-124 causes the spatial learning deficits. The experimental schedule (
plotted against the blocks of trials. The percentage of time spent (K) in searching o
mice/group, *p < 0.01, compared to miR-control).
(L–N) Expression of miR-124 in the prefrontal cortex but not in the hippocampus
prefrontal cortex of adult male mice 12 days after the injection of the rAAV1/2-m
sniffing time (N) with an unfamiliar mouse and unfamiliar object (mean ± SEM, noverexpression of miR-124 reproduces, all aspects of the
EPAC/ phenotypes.
It should be mentioned that previous studies reported that
miR-124 expression was elevated in the brain during develop-
ment (Krichevsky et al., 2003; Stark et al., 2005) and that miR-
124 stimulated neuronal differentiation in chick spinal cord
(Visvanathan et al., 2007), suggesting the involvement of miR-
124 in neuronal developmental processes. However, our results
reveal that although miR-124 is increased, neurons in the brain
are developmentally normal in EPAC/ mice. Consistent with
our findings, several other studies demonstrated that genetic
ablation of miR-124 either in C.elegans (Clark et al., 2010) or in
chick spinal cord (Cao et al., 2007) did not result in any obvious
defects in neuronal differentiation. Thus, roles of endogenous
miR-124 in brain development need to be further investigated.
Previous studies using pharmacological reagents showed that
EPAC signaling pathway regulates vesicular release probability
and the number of releasable vesicles in the central neurons
(Sakaba and Neher, 2003; Zhong and Zucker, 2005), but the
mechanism underlying this regulation remains unknown. An
earlier report indicated that EPAC2 protein interacts directly
with Rim2 and controls insulin secretion in b-cells (Fujimoto
et al., 2002). Rim proteins including Rim1 and Rim2 interacts
with voltage-gated P/Q- and N-type Ca2+ channels in the central
neurons and controls synaptic vesicle fusion in the active zone of
the terminals (Kaeser et al., 2011). Thus, it is probably that
genetic deletion of EPAC genes impairs a Rim-associated
vesicle fusion event, leading to a reduction of transmitter release
from the pre-synaptic terminals. Consistent with this notion, our
data showed that genetic deletion of EPAC genes weakened the
strength of synaptic transmission in the central neurons. It is also
noted that the weakening of synaptic transmission was associ-
ated with downregulation of several synaptic genes in the fore-
brain of EPAC null alleles. The most notable gene is Sv2b, which
decreased in EPAC null alleles by 46% ± 5.2% of control (Fig-
ure 4C and Figure S2). Sv2b is a synaptic vesicle protein that
functions as redundant Ca2+ regulator in neurotransmitter
release (Janz et al., 1999; Custer et al., 2006). Thus, decays of
the basal synaptic transmission in EPAC/ neurons could be
also due to a reduction of Sv2b expression.
Our electrophysiological recordings show that LTP is impaired
in EPAC/ neurons, indicating that functions of EPAC proteins
extend beyond the basal synaptic transmission. LTP is an
activity-dependent long-lasting enhancement of synaptic trans-
mission and is one major form of plasticity in the central neurons
(Nicoll and Malenka, 1995). The induction (during tetanus) of LTP
requires activation of post-synaptic NMDA receptors (Nicoll andmental schedule (D) and the amplitudes of EPSCs (E) normalized to the baseline
normalized to the baseline (defined as 1.0). EPSPs sweeps taken at the time
e mean ± SEM (n = 15 recordings/5 mice/group).
H) and the latency (I) and swim path length (J) to reach a hidden platform are
f a hidden platform in each quadrant during the probe trial (mean ± SEM, n = 15
causes the social behavioral deficits. An image shows miR-124-eGFP in the
iR-124-IRES-eGFP. Bar graphs show the time spent in each chamber (M) and
= 15 mice/group, *p < 0.01, compared to control).
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Figure 7. Rap1 Restricts miR-124 Transcription
(A) Rap1binds a sequence in the stem-loop precursor of miR-124 transcript (top). Northern blot (bottom) shows miR-124 precursor in the ChIP.
(B) Expression of miR-124 luciferase reporter construction (top) with wild-type Rap1a in HEK293 cells have lower luciferase activity, compared with controls
(eGFP or Rap1aS17N). Data are mean ± SEM (n = 4, *p < 0.01).
(C) Rap1 inhibits miR-124 transcription in the hippocampal neurons. qPCR analysis of miRNA in the neuronal cultures (DIV16) from themouse hippocampus 72 hr
after expression of a dominantmutant Rap1a (Rap1aS17N) or wild-type Rap1a. Data are themiRNA fold changes in cells expressing Rap1aS17N or Rap1a versus
eGFP (mean ± SEM, n = 4 assays, *p < 0.01 compared to Rap1aS17N).
(D) Rap1 activity, as expressed the ratio of Rap1-GTP versus Rap1 is measured at the indicated time points after incubation of neuronal cultures (DIV16) with
20 mM 8-pCPT-Me-cAMP. Data are mean ± SEM (n = 5 assays, *p < 0.01, compared to a time point of 0 hr).
(E) miR-124 is measured 6 hr after incubation of the EPAC+/+ or EPAC/neuronal cultures (DIV16) with 20 mM 8-pCPT-Me-cAMP or vehicle. Data are expressed
as the ratio of 8-pCPT-Me-cAMP (cAMP) treatment versus vehicle (mean ± SEM, n = 5 assays, *p < 0.01, compared to EPAC/ neurons).
(F) Zif268 mRNA is measured 6 hr after incubation of the EPAC+/+ or EPAC/neuronal cultures (DIV16) with 20 mM 8-pCPT-Me-cAMP or vehicle. Data are
expressed as the ratio of 8-pCPT-Me-cAMP (cAMP) treatment versus vehicle (mean ± SEM, n = 5 assays, *p < 0.01, compared to EPAC/ neurons).
(G) Zif268 protein is measured 6 hr after incubation of the EPAC+/+ or EPAC/neuronal cultures (DIV16) with vehicle (lane 1) or 20 mM8-pCPT-Me-cAMP (lane 2).
Band intensities are normalized to actin in vehicle treated EPAC+/+ neurons (mean ± SEM, n = 5 assays, *p < 0.01, compared to vehicle).
(H) A working model demonstrating that miR-124 inhibition of Zif268 translation constitutes a specific signaling event downstream of EPAC proteins in regulation
of plasticity, and spatial learning as well as social interactions.
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EPAC Mutation in Learning and SocialityMalenka, 1995) whereas expression of LTP or a late phase of LTP
(i.e., 60 min after the induction), is involved of a series of the
genomic responses for rapid new gene expression (Soderling
and Derkach, 2000; Kelleher et al., 2004). Consistent with this
general idea, our data reveal that both NMDA receptor channel784 Neuron 73, 774–788, February 23, 2012 ª2012 Elsevier Inc.activity at post-synaptic sites and LTP induction are normal in
EPAC/ neurons. Interestingly, our data demonstrate that
a late phase of LTP is impaired in EPAC/ mice and that this
impairment correlates with a striking increase of miR-124 tran-
scription, which caused Zif268 mRNA degradation. Zif268 is
Neuron
EPAC Mutation in Learning and Socialityknown as a critical transcriptional factor for stabilizing synaptic
responses in LTP expression (Hall et al., 2000). Notably, either
knockdown of miR-124 or expression of Zif268 is able to restore
the capacity of EPAC/ neurons to express LTP. Thus, EPAC
signaling is directly linked with a key aspect of the genomic
responses including miR-124 transcription and Zif268 transla-
tion for LTP expression.
Several rare nonsynonymous variants of EPAC genes were
reported in patients with ASDs (Bacchelli et al., 2003) and
one of them was found to be the loss of function mutation
(Woolfrey et al., 2009). But the implications of these mutations
in ASDs behaviors are not characterized yet. ASDs patients
have been diagnosed as the abnormalities of social interactions
and mental retardation (Geschwind and Levitt, 2007; Kelleher
and Bear, 2008; Ramocki and Zoghbi, 2008). Additionally, the
most human ASDs show poor language development and
restricted and repetitive behaviors (Walsh et al., 2008; Levy
et al., 2009). In our present study, we show that genetic dele-
tion of EPAC genes specifically defects the spatial learning
and social interactions, suggesting a possibly mechanism by
which the mutation of EPAC genes might reflect these ASDs
behaviors.
In conclusion, our results in the present studies provide
genome-wide evidence that EPAC1 and EPAC2 proteins syner-
gistically regulates miR-124 transcription and hence control
Zif268 translation in the brain for processing spatial learning
and social interactions.EXPERIMENTAL PROCEDURES
Animals
Care and experiments with animals were in accordance with institutional
guidelines and those of the National Institute of Health and the Animal Care
andUseCommittee (Huazhong University of Science and Technology,Wuhan,
China, Louisiana State University Health Sciences Center, NewOrleans). Adult
(90 ± 2 days old of age)male 129Sv strain ofmicewas used and grouped as the
followings for the behavioral tests; 1) the open field tests, 2) the Morris water
maze tests, reversal learning test, and visible platform version of the maze
tests, and 3) the social behavioral tests. The juvenile male 129sv strain of
mice at 21 ± 1 days old of age were used for the juvenile play tests. All wild-
type control (+/+) and homozygous (/) mice were derived from the same
litters of the heterozygous (+/) breeding pairs.
Generation of EPAC1 and EPAC2 Mutant Mice
EPAC1 is ubiquitously expressed throughout the brain and the peripheral
tissues. To identify the specific impacts of EPAC1 deletion in brain function,
we generated a conditional mutant strain of mice with a selective deletion of
EPAC1 in the hippocampus (EPAC1/ mice) by gene targeting in embryonic
stem (ES) cells. The mouse Rapgef3 region was isolated from a genomic
mouse BAC library of 129Sv background, which was isogenic to the ES cell
line that was used for the homologous recombination. The rTgV BAC clone
collection containing genomic fragments of 15–25 kb in size was screened
by PCR using the primers listed in table S1. The first primer pair amplified
a 412 bp genomic fragment of Rapgef3 gene in intron 2 and the second primer
pair amplified a 682 bp genomic fragment of Rapgef 3 gene intron 6. The iso-
lated clone rTgV was subsequently analyzed by sequencing approximately
12 kb of the gene region that was used for the homology arms of the targeting
vector. Two loxP sites were inserted into the flankingRapgef3 exons 3 to 6with
a long homology region of 6.3 kb and a short homology region of 1.6 kb. The
positive selection neomycin gene (Neo) was flanked by FRT sites. Diphtheria
Toxin A (DTA) was used as a negative selection marker for avoiding the isola-
tion of non-homologous recombined ES cell clones and enhancing the chanceof isolating ES cell clones harboring the distal loxP site. The integrity of the re-
combined region was verified by DNA sequencing (see also Extended Exper-
imental Procedures).
Electrophysiology
The slices (350 mm) of the hippocampus were cut from male mice at 90 ±
5 days old of age and were placed in a holding chamber for at least 1 hr. A
single slice was then transferred to the recording chamber and submerged
and perfused with artificial CSF (ACSF, 2 ml/min) that had been saturated
with 95% O2-5% CO2. The composition of the ACSF was (in mM): 124 NaCl,
3 KCl, 1.25 NaH2PO4, 2 MgCl2, 2 CaCl2, 26 NaHCO3, and 10 dextrose.
Whole-cell patch clamp recordings (5 MU) at voltage-clamp mode, and the
sharp electrode (50 ± 2 MU) intracellular recordings at current-clamp mode
in the hippocampus were visualized with IR-DIC using an Axioskop 2FS equip-
ped with Hamamatsu C2400-07E optics, as described before (Wang et al.,
2003; Liu et al., 2004; Peng et al., 2006; Tu et al., 2010, see also Supplemental
Experimental Procedures).
Open Field Tests
Adult male mice at 90 ± 2 days old of age were used in this study. Mice were
placed in the center of an open-field arena (40 3 40 3 30 cm3) for 60 min and
then habituated by daily placing in the same chamber for 10 min per day for
three consecutive days. After the 3-day habituation, the general locomotion
was assessed for a 30 min period. Specifically, we measured, 1) distance
moved in the arena, 2) rearing, as the number of times themice lifted both fore-
paws from the ground, and 3) grooming, as the time that the mice groomed
with its mouth and/or paws.
Morris Water Maze Tests and the Reversal Maze Tests
Additional adult male mice at 90 ± 2 days old of age were used in the hidden
platform versions of the Morris water maze tests using Stoelting poo-60135
as described before (Tu et al., 2010, see also Supplemental Experimental
Procedures).
Genome-wide Microarrays
The forebrain was isolated from mice and placed in RNAlater solution
(QIAGEN) and tissues were homogenized using a TissueRuptor homogenizer
(50/60 Hz) according to the manufacturer’s protocol. Total RNA was prepared
from harvested hippocampal tissue with the miRNeasy Mini Kit (QIAGEN) and
treated with an RNase-free DNase (QIAGEN) according to the manufacturer’s
instructions. The RNA concentration was measured by spectrophotometer
(DU 640; BECKMAN). RNA integrity was verified by electrophoresis in a 1%
agarose gel. For microRNA expression profiling analysis, Mouse OneArray
v2 (RmiOA.2) chips with 785 unique miRNA probes and 105 experimental
control probe sets (Phalanx Biotech Group) were used. For gene expression
profiling analysis, mouse whole genome OneArray microarray v2 (MOA-002)
chips with 26,423 mouse genome probes and 872 experimental control
probes were used. Datasets for single and dual channel experiments were
analyzed with GeneChip Robust Multichip Average (GC-RMA) and normalized
using OneArray Software (Phalanx Biotech Group). All hybridized chips met
standard quality control criteria were calculated as the fold-changes. The
statistical relevance was expressed as the p values.
Reverse Transcription and Quantitative PCR
The miscript cDNA synthesis kit (QIAGEN) was used for the reverse transcrip-
tion reaction according to the manufacturer’s instructions. We used 1 mg total
RNA, with 4 ml 5 3 miscript reaction mix and 1 ml miscript reverse transcrip-
tase. The total volume was 20 ml. Samples were incubated for 5 min at
25C. All samples were then heated to 42C for 30 min, and reactions were
stopped by heating to 85C for 5 min. For quantitative PCR (qPCR) all specific
primers were selected using Beacon Designer Software (BioRad) and synthe-
sized by IDT (Coralville, IA), as listed in Table S1. The PCR amplification of
each product was further assessed using 10-fold dilutions of mouse brain
cDNA library as a template and found to be linear over five orders of magni-
tude and at greater than 95% efficiency. All the PCR products were verified
by sequencing. The reactions were set up in duplicate in total volumes of
10 ml containing 5 ml 23miscript sybr green pcr kit (QIAGEN) and 2 ml templateNeuron 73, 774–788, February 23, 2012 ª2012 Elsevier Inc. 785
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primer. The PCR cycle was as follows: 95C/3 min, 45 cycles of 95C/30 s,
58C/45 s and 95C/1 min, and the melt-curve analysis was performed at
the end of each experiment to verify that a single product per primer pair
was amplified. Furthermore, the sizes of the amplified DNA fragments were
verified by gel electrophoresis on a 3% agarose gel. The amplification and
analysis were performed using an iCycler iQ Multicolor Real-Time PCR Detec-
tion System (BioRad). Samples were compared using the relative CT method.
The fold increase or decrease was determined relative to a vehicle-treated
control after normalizing to a housekeeping gene using 2DDCT, where DCT
is (gene of interest CT) - (GAPDH CT), and DDCT is (DCT treated)  (DCT
control). The ranges of CT for GAPDH were from 17.6 to 18.1 (17.9 ± 0.1, n =
6) for the vehicle control and 17.6 to 17.9 (17.8 ± 0.1, n = 6) for the treatment
with D9-THC.
Luciferase Reporters
Awild-type (GUGCCUU) and amutant (CUUAAGU) Zif268 30 UTRwere cloned
into the SV40-driven renilla luciferase reporter plasmid (psiCHECK-2, Prom-
ega). HEK293 cells (3 3 105 cells per well) were co-transfected with the pre-
miRNA constructs or the empty control vector (pcDNA3.2/V5, 500 ng), or
pre-miR-124 and wild-type or the mutant Zif268 30 UTR plasmid (200 ng). Cells
were harvested and cell lysates were assayed for firefly and renilla luciferase
activities using the dual-luciferase reporter assay system (Promega) according
to the manufacturer’s protocol. The data were normalized to the co-trans-
fected b-galactosidase plasmid (Invitrogen) and expressed as the relative
luciferase activity (units). A wild-type human Ras family small GTP binding
protein Rap1a and a dominant-negative mutant Rap1aS17N were co-ex-
pressed in HEK293 cells with the luciferase reporter vector containing a R1
fragment upstream of mi-R-124 transcript at kpnI and XhoI sites (Missouri S
& T cDNA Resource Center).
Chromatin Immunoprecipitation
ChIP assay was performed using a magna ChIP G chromatin immunoprecip-
itation kit (Millipore) following the manufacture’s protocol. Briefly, the cell
cultures (3 3 106 cells) from the forebrain were chemically cross-linked by
Buffer A/formaldehyde/PBS mix with 1.1% final formaldehyde concentration
in the presence of protease inhibitor cocktail II. 10 min after incubation, glycine
(50 mM) was added to quench the formaldehyde, and cells were washed with
1 ml of ice cold PBS. Pellet cells were centrifuged for 5 min at 500 g, and re-
suspended in ice cold buffer C. After 10 min incubation, pellet samples were
centrifuged and re-suspended in 100 ml of the buffer D/PI mix. Shear DNA
was generated by a sonicator to an optimal DNA fragment size of 200–
1,000 bp and incubated with 1 3 ChIP elution buffer/PI mix and 5 mg anti-
Rap1 antibody (BD Biosciences) or nonspecific IgG and Protein G magnetic
beads overnight with rotation at 4C. Beads were washed five times with
RIPA buffer and once with TE buffer containing 50 mM NaCl. Bound
complexeswere eluted from the beads by heating at 65Cwith occasional vor-
texing and crosslinking was reversed by overnight incubation at 65C. After
immunoprecipitation, recovered chromatin fragments were subjected to Affy-
metrix microarray.
Generation of High Infectious rAAV1/2 and Lenti Virus Particles
Pre-miR-124 (Accession: MI0000716, sequence: AGGCCUCUCUCUCCGU
GUUCACAGCGGACCUUGAUUUAAAUGUCCAUACAAUUAAGGCACGCGG
UGAAUGCCAAGAAUGGGGCUG), and pre-miR-145 (accession: MI0000169,
sequence: CUCACGGUCCAGUUUUCCCAGGAAUCCCUUGGAUGCUAAG
AUGGGGAUUCCUGGAAAUACUGUUCUUGAG), and pre-miR-150 (acces-
sion: MI-0000172, sequence: CCCUGUCUCCCAACCCUUGUACCAGUGCU
GUGCCUCAGACCCUGGUACAGGCCUGGGGGAUAGGG) were cloned into
the rAVE construct containing eGFP through ApaI/KpnI (GenDetect, New Zea-
land), creating a vector rAVE-U6/miR-124-IRES-CAP/eGFP, rAVE-U6/miR-
145-IRES-CAP/eGFP and rAVE-U6/miR-150-IRES-CAG/eGFP vectors. The
rAVE plasmids were co-transfected with the AAV helper1 and helper 2 into
HEK293 cells to generate the rAAV1/2 virus particles. The constructs of
lenti-Zif268-IRES-eGFP were generated by cloning the cDNA encoding
Zif268 gene (pcDNA3-Egr1, Addgene) into the lenti-IRES-eGFP vectors
(Invitrogen) under the control of the CMV promoter. Generation of the infec-786 Neuron 73, 774–788, February 23, 2012 ª2012 Elsevier Inc.tious virus particles (>23 1010 genomic particle/ml) were described previously
(Wang et al., 2003; Liu et al., 2004; Peng et al., 2006; Tu et al., 2010]). Activated
virus particles were coded by experimenters (D.L and X.S). Other experi-
menters (Y.Y and W.T), who were unaware of the coded particles, injected
the particles (2 ml at 0.2 ml/min) into each side of the dorsal hippocampus
(3.1 mm posterior to bregma; 2.3 mm lateral to the midline; 2.9 mm below
dura; or the prefrontal cortex.
In this study, 12 days (otherwise, as indicated in the test) after the virus injec-
tion, mice were used for the phenotyping assays including miRNA, mRNA and
protein expression assays, electrophysiological recordings, and behavioral
tests.
Administration of LNA-miR-124 and LNA-Zif268
LNA-miR-124, LNA-miR-145, LNA-control (GTGTAACACGTCTATACGCCCA),
and LNA-Zif268 antisense (GGTAGTTGTCCATGGTGG) were purchased from
Exigon (Woburn,MA), and dissolved in salinewith a concentration of 50mg/ml.
3 ml solution was then injected directly into the third ventricle. Experiments
including qPCR, western blot, electrophysiological recordings and behavioral
tests were conducted 48 hr after the injection.
GEF for Rap1 Assay
EPAC-GEF activity was analyzed using Rap1 activation assay kit (Millipore) ac-
cording the manufacture’s instruction. Briefly, the hippocampus was isolated
from adult malemice (the homozygousmutants and control littermates) at 90 ±
5 days old of age. Cell lysates were prepared using assay buffer (20 mM
HEPES [pH 7.4], 150 mM NaCl, 50 mM KF, 50 mM b-glycerolphosphate,
5 mMMgCl2, 1 mMNa3VO4, 1% Triton X-100, 10% glycerol plus 13 protease
inhibitor cocktail). Total cell lysates (400 mg) were incubated with 25 ml of re-
combinant GST-Ral GDS-RBD agarose (650 mg protein per ml of resin) by
end-over-end rotation at 4C for 1 hr. The resins were recovered and washed
as described above for the precipitation assay. The resin-bound fractionswere
resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and
cellular GTP-Rap1 levels were analyzed by immunoblotting with anti-Rap1-
GTP and anti-rap1, respectively. The band intensities were then normalized
to anti-Rap1 in the input lane (defined as 1.0).
In this study, 8-pCPT-20-O-Me-cAMP-AM (BioLog Life Science Institute,
Bremen, Germany) was dissolved in a vehicle solution containing 0.1%
DMSO and 0.1%BSA.
Electron Microscopy
The sections from the CA1 stratum radiatum of the hippocampus of three male
EPAC/ at 96 days old of age and three control littermates (EPAC+/+ mice)
were studied. Mice were perfused with 2% paraformaldehyde + 2% glutaral-
dehyde in 0.1 M phosphate buffer, then postfixed in 1% osmium tetroxide in
0.1 M cacodylate buffer, stained en bloc with 1% uranyl acetate in 50%
ethanol, dehydrated in an ethanol series and then put in propylene oxide
and embedded in epon. Thin sections were stained with lead citrate.
Golgi Staining and Synaptic Spine Analysis
Golgi staining was performed on four strains of male mutant mice and their
respective wild-type controls at 90 ± 5 days old of age. In this study, FD rapid
Golgi Stain kit (FD NeuroTechnologies,) was used. Briefly, brains were
removed frommice and immediately immersed in solution A and B for 2 weeks
at room temperature and transferred into solution C for 24 hr at 4C, as in-
structed on the manufacture’s experimental methods. The brains were sliced
using a Vibratome (VT1000S; Leica) at a thickness of 100 mm. Bright-field
microscopy (Axio Observer; Zeiss) images were taken of CA1 pyramidal
neurons (80 cell with a total of 80 cm length of dendrites per group were
analyzed). Images were coded and synaptic spines counted in software with
Image Probes. All the spines counted were also measured for spine length
and spine densities were expressed as spine/mm dendrite.
Statistics
Comparisons between genotypes were carried out using two-way ANOVA.
Electrophysiological experiments and biochemical assays were analyzed
using the Student t test. LTP analysis was performed on 10 min blocks of
data within the last 30 min of the recording.
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